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FOREWORD

This report was prepared jointly by the Polymer Branch of the Nonmetallic Materials Divi-
sion and the University of Dayton Research Institute. The work was initiated under Project
No. 7342, "Fundamental Research on Macromolecular Materials and lubrication Phenomena,"!
Task No. 734203, "Fundamental Principles Determining the Behavior of Macromolecules1." It
was administered under the direction of the Air Force Materials Laboratory, Research and
Technology Division. Dr. Ivan J. Goldfarb was the project engineer. The contractual portion
of the work with the University of Dayton Research Institute (AF 33(657)-10683) was initiated
under Project No. 7340, "Nonmetallic and Composite Materials,": Task No. 734004, "New
Organic and Inorganic Polymers" with Mr. E. R. Bartholomew, project engineer.

This report covers work conducted from October 1965 to February 1966.

Manuscript released by the authors March 1966 for publication as an RTD Technical
Report.

This technical report has been reviewed and is approved.

WILLIAM E. GIBBS
Chief, Polymer Branch
Nonmetallic Materials Division
Air Force Materials Laboratory
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ABSTRACT

The application of vapor pressure osmometry to the determination of molecular weights of
polymers has been investigated. The principles of the theory and operation of a commercially
available vapor pressure osmometer are described and the effects of reading time and drop
size are analyzed.

It is shown that, for calibration with benzil in dihydroperfluorobutanol at 65°C, resistance
readings reached a maximum after three to four minutes and then declined slowly. Extrapola-
tion to zero time was essential.

It is further shown that drop size variations measurably effect the resistances making it
desirable to 'account for this effect by using a standard drop size and correcting the results
accordingly.

Some results obtained for the measurement of molecular weights of samples of polyhexa-
methylene sebacamide are quoted, and a discussion of potential errors and proper experimental
procedures for minimum error is given.
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SECTION I

INTRODUCTION

At the present time considerable effort is being expended in the determination of mechanisms
of polymer degradation of many types of polymers. For a complete description of what takes
place when a polymer degrades, it is necessary to be able to detect, identify and measure
small quantities of the degradation products and to measure other changes in physical and
chemical properties. By no means the least important of the changes which occur is the change
of molecular weight. Molecular weight changes, which are measures of the number of chemical
bonds broken in the backbone of the polymer molecule, give a great deal of insight into the
precise mechanism of the degradation reaction or reactions.

Therefore it is of utmost importance to be able to make precise measurements of the molec-
ular weight of a polymer both before and after it has been subjected to the degradative environ-
ment. A wide range of techniques is available for the determination of both number average
and weight average molecular weights but since the interest in this research lies in the
number of molecules in the system before and after reaction, only the techniques listed below,
which yield number average molecular weight, need be considered.

(1) End Group Concentrations

(2) Osmotic Pressure Measurements

(3) Freezing Point Depression

(4) Vapor Pressure Depression

Each of these colligative property measurements has its own peculiar advantages and dis-
advantages over the others. However, the object of this report is to consider only the last
method. Measurements of vapor pressure depression as a means to the determination of
polymer molecular weights has recently gained popularity (Reference 1) especially since the
introduction of a compact, relatively simple instrument for measurement of small changes in
vapor pressure. The "Mechrolab" Series 300 Vapor Pressure Osmometer (VPO) was used
throughout this investigation. A description of the instrument is given in Section IL
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SECTION II

DESCRIPTION OF THE VAPOR PRESSURE OSMOMETER

A sectional diagram of the VPO is shown in Figure 1. The instrument consists of a chamber
which can be maintained accurately at a fixed temperature by means of an electrically heated
aluminum block (A). The heating block is thermally insulated by polyurethane foam (B) and the
whole is held in a steel case (C).

The temperature sensing probe (D) consisting of two matched thermistor beads in close
proximity is held centrally in the chamber slightly above a cup of solvent. Six hypodermic
syringes (E) in suitable holders enter the chamber through accurately machined holes and are
aligned such that drops of solution may be discharged from the syringes directly on to the
thermistor beads. A single syringe is aligned with one of the beads and the other five are
aligned with the second bead.

The temperature inside the chamber may be controlled at one of several fixed temperatures
(37, 65, 100 or 130°C) by means of a thermostat probe inserted into the heating block.

The principle of the method, which will be described in more detail later, consists of
measuring the temperature difference between drops of solution and solvent deposited on the
beads. This is done by measuring the resistance changes of the thermistors and since they
have large temperature coefficients of resistance, a relatively simple Wheatstone Bridge
circuit is sufficient to measure very small differences in temperature. Resistance changes
may be measured down to 0.01 ohms which is equivalent to a temperature difference of about
1 0 -4 of a degree. The two thermistors have carefully matched temperature coefficient of
resistance and are connected in opposite arms of the bridge circuit such that the imbalance
of the bridge is indicated on a null meter. The resistance difference may be measured by
adding resistance to the dekastat to zero the null meter.

The essential circuitry is shown in Figure 2 but in practice it is slightly more refined to
permit measurement of the resistance of a single bead to detect temperature equilibrium
after initial warm-up.

SECTION III

PRINCIPLES OF OPERATION OF.THE VPO

Figure 3 shows the theoretical interpretation of the VPO. The solvent vapor is in equilib-
rium with the liquid phase at a temperature T throughout the chamber. On one thermistor bead
is placed a drop of the pure solvent identical with that in the reservoir and on the other bead is
deposited a drop 6f a solution in the same solvent. If the vapor pressure of the liquid on the
solvent bead is exactly the same as the equilibrium vapor pressure of solvent in the reservoir,
no net condensation or evaporation of the liquid will take place. This drop will thus attain the
temperature of the chamber T% The vapor pressure of solvent in the solution on the other bead
is reduced by the presence of the solute, the degree of reduction being determined by the mole
fraction of the solute in the solution. Condensation of liquid from the vapor on to the solution
drop will take place as the system attempts to achieve equilibrium of all liquids and vapor in
the chamber. In condensing, vapor will deposit its latent heat of vaporization on the drop with
consequent increase in the bead temperature and resistance.

2
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Figure 1. Sectional Diagram of VPO

3



AFML-TR-66-80

R REFRENCEDROPPING
r BEADRESISTOR

D EKASTAT BA ATR

RESSTACE R REMATHE

RESISTANCE$ R ARE MATCHED

Figure 2. Wheatstone Bridge Circuit
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Figure 3. Theoretical Interpretation of VPO
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SECTION IV

THEORETICAL ASPECTS OF VAPOR PRESSURE OSMOMETRY

The figure below shows the variation of vapor pressure with temperature for solvent and
solution.

,SOLVENT

SOLUTION

VAPOR pl'
PRESSURE

P,

T1 T 2

TEMPERATURE

If a 1 = activity of solvent in solution at temperature T1

P 1
0 = vapor pressure of pure solvent at temperature T1

P 1 = vapor pressure of solvent in solution at temperature T1

a1 = pI/P 0

Raise the temperature of the solution corresponding to "A" to T 2 at which temperature its

vapor pressure becomes equal to that of the pure solvent at temperature Tl(that is, P1,).
Then the Clausius-Clapeyron equation may be applied to the solution.

1/m a _AH T2 -TI
'R T T2 R TT'

Let T 2 -TI1  AT and for small AT, T 1 T 2 -- T12

AH AT
or- 1•o R Tt 2

or

AT RRT, 2  (

The activity of solvent in the solution may be defined by:

a, = YI X where y•, is the activity coefficient

and X 1is the mole fraction of solvent

in the solution.

5
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I'm : nY, +,Ltx, (2)

Since the sum of the mole fractions of the components of a solution is equal to unity:

X1 - 2 where X2 is the mole fraction of solute
which is much smaller than X

_ 1 may be expanded:

-1x,: x +.X _x +4•x 2 3 --- (3)

Assume a relationship between activity coefficient and mole fraction of solute of the
following form:

AX2 +8BX 2 ' (4)

where A and B are constants if

temperature is approximately constant.

From Equati6ns 2, 3, and 4

-no (A+1)X2 +(s+-)

12 + 2BT)X

= AX 2 + ax + -

Since X2 is small, powers greater than 2 are neglected.

Also i_ -f 77, >> •l7w•were n and n are the
2 i n+in2 712 1 2

numbers of moles of solvent

and solute respectively.

and 77 C MI where M and M are the molecular

S M2- 1O000p1 weights of solvent and solute

respectively, p is the density

of solvent and c is in g.1.-1

Finally from Equation 1

RT2 •2
ArT AfAiX2 + tx22 +~

-T I___ C ]...
AN oOOp nn2 M2

6
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Combining constants and since A T =k A R

AR = k k2___- + C
C M2 M22

Thus a plot of A R versus c for any solution should yield a straight line having an
C

intercept of at zero concentration.

If a substance of known molecular weight i s used and the results are plotted in the form
AR/molarity against molarity, the intercept will yield the calibration constant K for the par-
ticular solvent-solute system. To determine an unknown molecular weight it is necessary to
plot AR/c versus c and to divide the intercept into the calibration constant.

SECTION V

DISCUSSION OF THE SYSTEM UNDER INVESTIGATION

The overall objective of this investigation was the elucidation of the mechanism of degrada-
tion of polyhexamethylene sebacamide (nylon 6.10). This system. raises difficulties with
respect to the choice of the solvent that may be used.

Formic acid (88 percent) readily dissolves nylon but also attacks the material of the VPO
chamber. Meta-cresol was considered as a likely candidate for use in'the VPO and some
attempts were made to employ this solvent at 1300C. Considerable difficulties were ex-
perienced with drif,. and so forth and it was later found that the m-cresol vapor had diffused
into the syringe guides and attacked the foam insulation around the chamber. Attempts will
be made to seal the syringe guides but in the meantime a new solvent that is without effect
on the insulation is being used.

Fluoroalcohols of the general formula C F3 (C F2 )xCH2OH have been used as solvents for nylon

(Reference 2). We had at our disposal a quantity of dihydroperfluorobutanol (DPFB) where
x = 2, so this was tried as a solvent for nylon 6.10. DPFB would not dissolve appreciable
amounts of the polymer at room temperature but would do so at about 70.. The solutions were
quite stable at 65.C but on cooling to room temperature, solutions having a concentration

greater than about 15 g.1- 1 precipitated out slowly. In order to overcome the precipitation
difficulty all VPO measurements were carried out not at the usual 37' but at 65'. A bonus of
increased sensitivity was provided by the higher temperature.

Before running the VPO withpolymer solutions it was necessary to determine the calibration
constant K (see later) for the system DPFB at 65°C. Standard solutions of several calibration
substances in DPFB were prepared and runbut, before discussing the results, it is worthwhile
to describe in detail the procedure employed for the purification of reagents and the preparation
of solutions.

7
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SECTION VI

EXPERIMENTAL

A. PURIFICATION OF REAGENTS

1. Purification of Dihydroperfluorobutanol

The crude solvent was distilled at atmospheric pressure. Initially a mixture of water
and the alcohol distilled over and separated into two distinct layers in the receiver. When
approximately a third of the liquid had distilled over, the distillate was clear and was
collected. Water was separated mechanically from the first distillate and the remaining
alcohol dried with anhydrous magnesium sulphate before being redistilled. The distillate
was added to the original pure fraction and the mixture further dried with anhydrous mag-
nesium sulphate before being redistilled. The product (b p 95-960C, lit. b p 96.50) was stored
in a single bottle to eliminate slight variations from batch to batch as this is said (Reference 4)
to affect the molecular weight determination.

2. Preparation of Solutions in DPFB

In most cases only small quantities of polymer were available so small volumes of
solution were prepared. Volumetric flasks of 1 or 2 ml capacity were weighed empty and
* then weighed containing the polymer or the calibration substance. Sample weights were usually
only about 0.07 g so careful technique was required to insure precise concentrations. Solvent
was added to the flasks and made up to the mark at room temperature.

a. Benzil, benzophenone and benzoic acid dissolved readily.

b. Polymers did not dissolve at room temperature so the flasks were stoppered
tightly and heated to about 800C in an oven until clear solutions were produced. The solutions
were kept at about 650C ready for use in the VPO at that temperature. Care was taken to pre-
vent evaporation of solvent from the solutions but if any did take place the flask was cooled to
room temperature, solvent added to bring the level up to the mark and the heating procedure
repeated. It was appreciated that the concentrations of solutions changed due to the expansion
of the solvent at higher than room temperature but since the same procedure was used for the
calibration runs any errors due to this effect should cancel.

3. Purification of Solutes

Since pure compounds are required for good calibration, reagent grade solutes were
used. Benzil was recrystallized from DPFB and dried in vacuo.

B. EXPERIMENTAL TECHNIQUES, RESULTS, AND DISCUSSION

1. Calibration

The first step in the determination of the number average molecular weight of an un-
known sample is the establishment of a value for the calibration constant K by measuring the
resistance increments for a series of solutions of a standard molecular weight material.
Benzil was chosen for the initial experiments.

The technique recommended by the instrument manufacturer for obtaining AR values is
to take the reading at the same fixed time, say 2 minutes, after deposition of the drop on the
solution bead. If the reading' at 2 minutes is reasonably stable the value of AR is recorded.

8
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To establish the applicability- of a 2 minute reading (or some other time) for the present
system it was necessary to plot a AR versus time curve. The procedure adopted was as
follows:

a. Drops of pure solvent were deposited on both beads and after three to four minutes
the null detector was set to zero deflection by means of the zero potentiometer. This zero Was
periodically rechecked and adjusted if necessary. Often up to 30 minutes were required to
establish an invariable zero point.

b. A drop of the solution having the lowest concentration was deposited on the solution
bead displacing the solvent bead into the reservoir. Three or four more drops were deposited
allowing each drop to remain in place for several seconds in order to effectively wash the
bead. A stop watch was started immediately after the final drop was in place and AR read-
ings were taken every 30 seconds for up to 15 minutes. Usually readings could not be taken for
the first one to two minutes since the temperature of solution drops was below that of the
solvent bead. As soon as the solution drop reached and exceeded the solvent drop temperature
readings could be made. Some -typical AR versus time curves are shown in Figure 4. Portion
A-B of the curve represents the solvent drop increasing its temperature above the other drop
and reaching a maximum at B. Condensation continues to take place but as the drop becomes
diluted the rate of heat deposition declines. Since heat is continuously removed from the drop
by conduction along the thermistor bead, the actual temperature falls slowly corresponding to
B-C on the curve. The rate of decline is greater with the higher concentration solutions.

Obviously, it would not be satisfactory to take a two minute reading or any other time for
that matter, since the position on the curve at any given time depends upon the concentration
of the solution. Therefore it is most appropriate to extrapolate the linear part of the curve
C-B back to the AR axis to obtain the AR (zero time) reading for each solution.

Graphs of the type shown in Figure 4 were obtained in all cases where AR values exceeded
about 5 ohms so this technique was employed. When AR values were small the linear part of
the curve (C -B) was usually parallel to the time axis so this maximum value of AR could be
used.

After several solutions had been run using DPFB as the solvent, it became clear that the re-
producibility of the AR versus time plots was not satisfactory. Readings of three or more con-
secutive -drops of the same solution often gave AR values differing by 10 - 30 percent. It was
thought that insufficient washing of the beads was the cause so experiments were repeated
taking care to use six or more drops of solution for washing even when replacing a drop by
another of the same solution. It was realized that any liquid in the needle tip would undergo
dilution in the same way as the sample drop; the use of many washing drops assured removal
of this diluted solution.

The adoption of this procedure did improve the results but a disturbing irreproducibility
was still evident. Variation in drop size seemedto have some effect on the AR values and this
was looked into further. The question of drop size variation has been mentioned by the in-
strument manufacturer (Reference 3) in the following terms:

"drop size has no effect on readings except in extreme differences such as may be possible
with a solvent with a very high surface tension" but it was suggested that drops be gauged
by "approximately doubling the size of the dry thermistor bead."

In spite of this an experiment was conducted with a benzophenone solution, making deliberate
variations in the sizes of drops.

9
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Figure 4. Representative Plots of AR versus Time
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Z. Drop Size Variations

The size of the drop placed on a bead could be varied between quite wide limits with
the extreme cases being-

a. A very large drop which was rather unstable and would readily fall from the bead.

b. A very small drop which just wetted the surface of the thermistor (See Figure b).

With a little care it was possible to choose the size of the liquid drip deposited.

CONNECTING
WIRES

THERMISTOR
BEAD a

d e

SOLUTION OR b
SOLVENT DROP

C

Figure 5. Thermistor Beads

In this drop size experiment AR versus time plots were determined for each of seven
sizes of drops the sizes being estimated by the eye as large, medium, small, and so forth.
The results obtained are shown in Figure 6. It is immediately apparent that drop size has a
profound influence on the AR versus time relationship and on the AR(zero time) value.
It should be noted that the largest and smallest drops used here were extreme sizes and
would never have been used for other determinations. However, most of the drops represented
on this graph mighthave been considered acceptable for use before drop sizes were considered.

In order to obtain more precise data it is necessary to measure the sizes of drops used in
further experiments and to correct for their influence in some way. The drop size could be
measured in several ways but the most meaningful measurement seems to be the total height
of the bead plus the drop. Figure 5 shows an enlarged view of two beads; one retaining a large
drop and the other, a small one.

The width of the drop d-e is very close to a-b which is constant and equal to the diameter of
the thermistor itself. However, the length b-c is very dependent upon the quantity of liquid in
the drop. Since the position of b is difficult to locate the drop size is conveniently measured
by the length a-c.
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